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Abstract  
Notwithstanding the long-term experience of polymer matrix composite (PMC) materials application in the aircraft 
loaded structural parts, the effect of various external factors on their mechanical and structural properties is still 
not well studied. In the paper, the results of application of high frequency ultrasonic imaging and acoustic emission 
for characterization of unidirectional carbon fiber reinforced composite (CFRP) behavior under mechanical 
loading are presented as well as description of microstructural changes of the tested material. 
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1.  Introduction 
Composite lattice construction is considered as a promising concept for perspective aerospace 
vehicle creation, for example aircraft fuselage [1-4]. High weight-strength ratio in compare 
with conventional structures and profit-proved fabrication techniques (fiber winding or 
placement) strengthen the concept competitiveness. Aim of the work is the experimental 
studying an effect of external factors on physical properties and bulk structure of composite 
lattice construction. In the paper the experimental results of mechanical loading effect on 
unidirectional CFRP structure degradation are presented. 
To reveal changes in composite material under loading there were applied two methods of non-
destructive evaluation (NDE) – acoustic emission (AE) and acoustic microscopy (AM).  
AE is the proved high-sensitive technique for in situ composite monitoring and early detection 
of structural changes [5, 6]. The acoustic emission nature is stress waves, which origin is 
internal stress redistribution due to changes in the material structure. Matrix cracking, fiber-
matrix debonding, fiber breakage and other internal-structural changes in composites cause the 
AE response [6, 10-14]. Disadvantage of the method is qualitative estimation of material 
structure integrity. The need in quantitative results makes researches look for ways of the 
problem solving, one of which is combination of AE with other NDE methods. Various 
combinations are applied for specific cases. For example:  “AE & fiber optic interferometer” to monitor damage in CFRP [12],  “AE & SEM” to obtain detailed failure process in composites and develop automotive 

composite components [5],  “AE & microfocus-X-ray computed tomography and radiography” for quantitative 
analysis of damage development in textile composites [13],  “AE & acoustic microscopy” for detail study of CFRP laminate microstructural changes 
under loading [8], 

and others.  
Compared with other NDE methods the acoustic microscopy has high utility for micro-failure 
process study in composites [7-9]. Combination of AE and AM methods increases the 
effectiveness of composite failure process investigation as AM provides the bulk microstructure 
visualization, damage identification and failure evolution details. 
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2.  Experimental Study 
2.1 Methods and Tools 

Acoustic Emission 

During loading tests the commonly used AE features are analyzed to timely predict an 
impending structure damage. The traditional technique captures the following acoustic-
emission parameters: acoustic-emission counts, peak levels, and energies. In the work AE data 
were registered by acoustic emission system DISP-8 (USA) with sensor(s) R30.  
Firstly, the AE data during composite specimens tensile, up to their total destruction, was 
analyzed. Values of AE parameters (counts, peak levels, energies) were estimated. The energy 
and activity of AE versus time and tensile stress/strain were obtained to determine the damage 
stage and make stop in tensile test for AM investigation. The following stages of damage 
development are used by researchers: 1 - oneset of transverse cracks (inter-fibre, matrix 
cracking); 2 – onset of debonding (delaminating at the boundaries of the fiber bundles); 3 – 
onset of delamination resulting in fiber failure, and the ultimate specimen failure. Changes of 
AE parameters indicate damage mechanism in the specimen. Ranges of AE activity and energy 
were chosen as indicators of the second and third stages of damage development in the 
specimens. The second stage indicators are: activity 100-150 imp/s and energies 1000-3000. 
The third stage indicators are: activity ˃ 200 imp/s and energies ˃ 5000.  

Acoustic Microscopy 

Acoustic microscopy is based on pulse-echo method, utilizing high frequency focused 
ultrasonic impulses (50-200 MHz). Short probing pulses penetrate into the sample and reflect 
from the elements of its bulk structure within the area of a focal spot (15-100 μm). Reflected 
signals through acoustic lens come to receiver and are registered from point to point across the 
scanning area. Data on the amplitude of the received signals are stored and displayed as a grey 
scale color to form acoustic image. Impulse acoustic microscopy allows obtaining cross-
sectional images (B-scans) or visualization of different depth layers (C-scans). Three-
dimensional image is formed layer by layer. Pulse acoustic microscope developed by the 
Emanuel Institute of Biochemical Physics (IBCP RAS, Russia) was applied in the experiments 
in immersion mode (distilled water). The composite structure was studied at frequency 100 
MHz, using acoustic lens with focal length 5.5 mm and a small aperture angle (11). The 
acoustic images allow recognizing elements of the bulk structure comparable with the 
wavelength of the probing ultrasonic radiation in the material ( ~ 15-60 μm). 
2.2   Material and Specimens 

The modeling samples of a lattice structure were fabricated by layer-wise winding into a special 
mould with further hot-sealing in a furnace. Two types of specimen were made: “rib” and “rib 
crossing” (Figure 1) with size 300х20х5 mm. The “rib” consists of 65 layers of resin-
impregnated carbon fibers threads. Volume content of the polymer matrix was 35%. End-
loaded part of the specimen was made of resin-impregnated (chlorinated epoxy EClD-U) 
carbon fabric (Porcher 03752-1000) by the prepreg technique. The number of layers was 
determined by geometry during fabrication. Physical properties of the composite specimens are 
shown in the Table 1. 
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Figure 1 – Photo of the CFRP modeling specimens: (a) - “rib”, (b) - “rib crossing”. 

Table 1. Parameters of the carbon reinforcement and matrix. 

Fibers carbon IMS60 
Yarns 24K 

Modulus of elasticity, GPa 290 
Tensile strength, MPa 5600 

Elongation, % 1.9 
Density, g/cm3 1.80 

Matrix chlorinated epoxy EClD-MK 
Modulus of elasticity, GPa 6.4 

Compression strength, MPa 80 
 
 
2.3 Experimental Setup and Loading 
 
The experimental procedure consists of two stages.  
Stage I:  tensile loading of three CFRP specimens up to complete destruction to get ultimate load 

level and AE parameters dynamics;  initial acoustic imaging for the specimens under investigation; 
Stage II:  tensile loading of specimen with in-situ condition monitoring by AE method;  specimen inspection by acoustic microscopy during the loading stoppage, which is 

determined by at the Stage I;    loading continuation.  

The above sequence of experimental steps (Stage II) was repeated up to specimen destruction.  
The tensile loading of the unidirectional modeling samples was carried out on a standard testing 
machine (Walter&Bai, Switzerland), test rate 1.27 mm/m. To realize tensile loading the 
specimen is placed into a special adapter (Figure 2). 
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Figure 2 – General view: specimen placed into adapter 

 
Set of unidirectional CFRP specimens was tested (uniaxial tensile load) with deformation step 
ε of 0.05% up to complete failure. Average failure strain for “rib” specimen is ε =0.93%, for 
“rib crossing” ε =0.71%. Specimens were loaded up to reaching the levels of AE indicators, 
with the following continuation of the loading after bulk structure investigation by acoustic 
microscopy. Structure inspections were carried out after tensile loading up to 50 kN (ε ~ 0.55%) 
and 60 kN (ε ~ 0.65%).  

3.  Results and discussion 
Loading diagrams “stress versus strain” and “energy/activity of AE versus time/strain” were 
obtained for all tested specimens. Typical ones are presented in the Figures 3 and 4. 

 
 

Figure 3 – Typical loading diagram up to total destruction, obtained for a “rib” specimen. 
 

Analysis of microstructure degradation process was based on comparison of progress acoustic 
images with the previous and the initial ones. Often the presence of irregular shape zones in 
construction or technological irregularities in the structure (matrix pocket, fiber waviness, and 
others) can lead to redistribution of stresses. Presence of stress concentration is critical for 
composite integrity. For studied specimens the zones of element crossing (ribs and rib-end 
loaded part) are potential areas of stress concentrations. 
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Figure 4 – Typical test diagrams: a) - load versus time with indicated points of microstructure 
investigation; b) - AE activity versus time; c) - AE energy versus time; d) – AE activity versus 
strain. Levels of AE activity and energy for damage stages 2 and 3 are indicated in the above 
diagrams b) and c).  
 
The images (B-scans) obtained before and after tensile loading (50 kN) show that presence of 
technological defects as a matrix pocket (1) and a non-plane layers (2) package (Fig. 5, left) 
results in delamination (3) after loading (Fig. 5, right).  
The images (Fig. 6) have been obtained before and after tensile loading (50 and 60 kN). As a 
result of mechanical effect an extensive delaminations are formed in the area of the composite 
ribs crossing (Fig. 6c, e). Technological defects can be the source of stress concentration also. 

d) 
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Figure 6a, b shows technological defects (1) presence (weak bond fiber-matrix) in the specimen 
structure. The acoustic images, obtained after specimen loading (Fig. 6e, f), show a growth of 
the technological defect (void).  
 
 

  
 

Figure 5 - Acoustic images of a “rib crossing” specimen bulk structure. B-scans have been 
obtained before (left) and after (right) loading of 50 kN; 1 – technological defect “matrix 
pocket”; 2 – non-plane layer package; 3 – delamination between the first and second composite 
layers. Frequency was 100 MHz.  
  

4.  Conclusion 
The methods of acoustic microscopy were used to study unidirectional CFRP structure 
degradation under the tensile loading. Acoustic images of specimen microstructure reveal the 
generation and growth of debonding, delamination at the boundaries of the fiber bundles under 
certain levels of tensile (strains).  Formation of such debonding within the composite occurs 
along fiber direction. Presence of technological defects or discontinuities in the composite 
structure increases a degradation rate. Mechanical loading, close to ultimate level, leads to 
macro-failure formation, such as inter-layer delamination, that is precursor of total failure. 
Acoustic microscopy allows of characterizing of micro-defects dimensions and locations as 
well as revealing irreversible structural changes at brittle failure.   
 
This work is supported by Russian Science Foundation under grant 15-12-00057. 
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Figure 6 – Acoustic images of a “rib crossing” specimen bulk structure [7]. C-scans have been 
obtained at depth 200 m (left) and 700 m (right): (a) and (b) – initial state (before loading); 
(c) and (d) – after loading up to 50 kN; (e) and (f) - after loading up to 60 kN. 1 –technological 
defects of carbon fiber impregnation (weak bond with matrix); 2 – interlayer delaminating in 
crossing tapes. Working frequency 100 MHz, scanning area 17x9 mm.   
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